Abstract-We report the use of a 500-nm-thick silicon nitride membrane as a high-reflectivity mirror in the orange-red spectral range. High contrast gratings based on semiconductors have already been used as high-reflectivity mirrors in the near-IR spectral range, but their use in the visible, which is essential for many types of biosensors, is much less explored. Our membrane is patterned with a high contrast grating of 560-nm period and forms part of a tunable Fabry-Pérot cavity. The cavity is tuned electrostatically and functions as a tunable optical filter. Three different designs of the membrane suspension are investigated to establish the effect of the arm geometry on the surface stress and the displacement of the membrane. By applying 9 V to the device, we observe a 13-nm wavelength shift of the spectral peak centered at 630 nm.
I. INTRODUCTION
H IGH contrast gratings (HCGs) are very attractive for the fabrication of a novel class of planar optical elements, due to their ability to achieve near-unity reflection or transmission and to control the optical phase at any point [1] . Their broadband high reflectivity or transmission can be adjusted over a wide wavelength range [2] - [4] . Other advantages include their flatness and phase control compared to conventional refractive elements such as lenses and curved mirrors. In recent years, much progress has been made in the use of HCGs to replace conventional distributed Bragg reflectors as highly reflective mirrors in applications such as vertical-cavity surface-emitting lasers [4] - [6] , where continuously tunable operation at 850 and 1550 nm has been demonstrated [7] - [9] . Most interestingly, a single layer HCG can provide full phase control of the reflected wave front and has been used to make planar lenses with high focusing power [10] , [11] .
Typically, an HCG is a single layer of high refractive index material with the period of the grating near-wavelength scale, fully surrounded by low-index materials. HCGs are typically realised in high-index semiconductors, such as Si or GaAs, which restricts their use to the near-IR wavelength range. To demonstrate a HCG in the visible spectrum, different materials have to be investigated. Here, we present a HCG designed and fabricated in silicon nitride (SiN) for operation at visible wavelengths, more specifically the orange to red spectral range around 600 nm wavelength. SiN has a refractive index around n = 2.0, so the first question is whether this index is sufficiently "high" to allow operation as a HCG. We will address this question in Section II. In order to achieve a tunable optical filter in this wavelength range, we employ a SiN HCG membrane and microelectromechanical system (MEMS) techniques. MEMS filters are capable of achieving broad tuning ranges as well as high finesses, wide free spectral ranges and fast tuning speeds [12] - [15] , which is of particular interest for integrated light-weight biosensing platforms in the visible spectrum.
II. GRATING DESIGN
The reflection and transmission of the grating are simulated using rigorous coupled-wave analysis (RCWA), a widely used method to analytically solve the reflected and transmitted diffraction orders of planar gratings [16] . RCWA divides the structure into homogenous regions in the normal (z) direction and uses periodic boundary conditions to find a transfer matrix for each layer in the frequency domain, in terms of Bloch modes. Incident light with a given k-vector can then be analytically propagated from one layer to the next to solve for all diffracted orders in reflection and transmission.
The grating, schematically shown in Fig. 1 , can be described as a one-dimensional periodic array of high-index SiN bars surrounded by air. A light beam is incident from the top, normal to the grating plane, with the electric field polarization oriented perpendicular to the gratings. The main parameters of the RCWA simulation are Λ, the period of grating, h, the grating thickness, n high , the refractive index of the SiN, λ, the optical wavelength, and D, the duty cycle of the grating, which is defined as the fraction of the high-index material, i.e., Λ -a. With carefully chosen grating parameters, a destructive interference can be obtained at the exit plane (z = h), so the energy is prevented from coupling into a transmission channel and high reflection is achieved. Fig. 2 shows the simulated reflection and transmission of a SiN grating with a period of 560 nm and thickness of 500 nm as a function of wavelength and duty cycle. We note that a high reflectivity (>70%) region with a bandwidth of over 240 nm in the orange-red spectrum can be achieved, with peaks approaching 100%. This high reflectivity and bandwidth are encouraging as the lower refractive index contrast of the SiN grating, compared to semiconductors, restricts the degrees of freedom of the design. By changing the duty cycle of the grating while keeping all other parameters the same, we can tune the wavelength range of high reflectivity. Fig. 3 shows examples for 50% and 70% duty cycle, corresponding to the dashed lines in Fig. 2 .
III. SIN GRATING FABRICATION AND OPTICAL MEASUREMENT
Low-stress (∼250 MPa) SiN membranes, with thickness of 500 nm and membrane windows of size 1.5 mm × 1.5 mm, are commercially available from Norcada Inc. [17] . The square membrane window is attached to a silicon frame. Based on this material, we fabricated gratings, within the membrane area, using a combination of electron beam (e-beam) lithography (Raith Voyager) and reactive-ion etching (RIE) using fluorine-based chemistry mixed with precisely controlled amount of oxygen. The detailed etching parameters are presented in Table I . The recipe was optimized to achieve high aspect ratio, anisotropy, and smooth, vertical side-walls. Fig. 4 (a) shows a false color scanning electron microscope (SEM) image of such a grating. The grating was realized in a 500 nm thin film of SiN on a silicon substrate, showing smooth anisotropic etching. The e-beam resist was 750 nm thick positive resist AR-P 6200.09 (Allresist GmbH). After transferring the pattern from the resist to the SiN layer, the residual resist was removed in organic solvent. Fig. 4(b) shows a suspended SiN membrane etched with an HCG, viewed at an angle of 45°. Reflection spectra were measured from the SiN membrane mirrors, with a set-up consisting of a collimated fiber-coupled tungsten-halogen light source (Ocean Optics), sample stage, beam splitter and a compact CCD spectrometer (Thorlabs). The measured spectra (normalized to the incident light) are shown in Fig. 5 . With two different designs of the grating duty cycle, 50% and 70%, we observed a shift of the high reflectivity band, which is in a good agreement with the RCWA simulation results of Fig. 3 . The 50% duty cycle grating is represented by the blue curve in Fig. 5 and it exhibits high reflectivity around 610 and 800 nm. By varying the duty cycle to 70% (red curve), the high reflectivity peaks move to 670 and 910 nm, as expected. The reflectivities of the fabricated mirrors are slightly lower than the simulated results. This is a result of a combination of the grating roughness, which is caused during the RIE etching process, and the non-planarity of the released membrane. 
IV. MEMS DESIGN AND FABRICATION
The cavity is constructed by suspending the SiN HCG membrane mirror with patterned metal pads over a thin-metal mirror, with an air gap created by an SU8 spacer. Electrically, the MEMS actuator can be considered as a tunable capacitor whose separation changes with applied voltage, thereby reducing the cavity length and shifting the transmission peaks. The process for making the SiN membrane actuator with a HCG mirror is shown in Fig. 6 . Multiple layers of e-beam resist PMMA are deposited on the SiN for patterning the metal contact pads with e-beam lithography (see Fig. 6 (a) and (b)), followed by a lift-off process in acetone of a thin evaporated aluminum layer (see Fig. 6(c) and (d) ). A second e-beam resist AR-P 6200.09 is deposited to define both the HCG and the membrane release pattern (see Fig. 6(e) ). The final step, toward a suspended membrane, is plasma etching of the 500 nm thick SiN (see Fig. 6 (f)), already described in Section III. A cross section of the etched membrane mirror is illustrated in Fig. 6(g) . A thin-metal mirror is then attached to the suspended membrane mirror using SU8 spacers to eventually form a membrane actuator. Fig. 6(h) shows a cross section of the MEMS actuator. Further details can be found in Section V.
We examined three different designs for the releasing arms: (a) straight, (b) spiral [inspired by Ref. 18] , and (c) folded. Among them, the folded arm should give the largest freedom, giving the greatest displacement of the HCG membrane mirror, leading to a large tuning range. On the other hand, excessive freedom in movement also induces instability. In addition, the grating area requires high uniformity and flatness to achieve uniform reflectivity. To explore the three releasing patterns in more detail, we fabricated all these three designs, shown in Fig. 7 .
Preliminary electrostatic MEMS tests showed that the membrane with spiral-shaped arms gives the best balance between stability and displacement. We found that the folded-arm geometry (see Fig. 7(c) ) causes stiction, and that the straightarm geometry (see Fig. 7(a) ) was too stiff, hence focussed on the spiral-arm geometry (see Fig. 7(b) ) in further experiments. To validate this observation, we used a mechanical finite el- ement model (COMSOL Multiphysics), which is commonly used in the MEMS community [19] . To simplify the model, the electrostatic elements in our devices are not included and the displacement is studied by including pre-stress into the layers, which is a useful shortcut [19] . In particular, the model computes the total displacement of the membranes with three different geometries in a single layer of 500 nm thick SiN using pre-set stress-levels. In this way, the deformations of the whole membrane area can be directly compared under the same conditions. Fig. 8(a)-(c) shows three-dimensional plots of the released membranes with the straight, folded, and spiral arms. The color scale represents the magnitude of the displacement for a given identical stress-level (150 MPa). It is apparent that the folded arm (see Fig. 8(c) ) provides the largest displacement; however, the membrane area is not uniform and the arms are deflected more than the central area (also seen in the microscope images, Fig. 7(c) , which is a problem for a real Fabry-Pérot cavity because the resonance wavelength would vary across the beam. The spiral membrane (see Fig. 8(b) ) shows the highest uniformity across the center of the membrane while allowing a relatively large displacement. Meanwhile, the straight arms (see Fig. 8(a) ) do not allow sufficient displacement. The plot in Fig. 8(d) then provides a direct comparison of the displacement and uniformity of the cross-section of the central area (800 μm × 800 μm) among these three geometries. Since the microscope observations (see Fig. 7 ) and the preliminary electrostatic tests are in a good agreement with these modeling results, we focus on the spiral-shaped membrane for the remainder of the discussion.
V. TUNABLE OPTICAL FILTER
A tunable filter consisting of a spiral-shaped membrane mirror, with HCG period of 560 nm and duty cycle of 50%, parallel to an evaporated silver layer on a glass substrate was assembled, with an SU8 spacer of approximately 15 μm thickness. The transmission spectrum of the resulting Fabry-Pérot cavity is presented in Fig. 9(a) . The full-width at half maximum (FWHM) of the transmitted peak at the wavelength of 630 nm is around 5 nm. The finesse of the Fabry-Pérot interferometer, defined as the ratio of the free spectral range, λΔ, over FWHM of the peak, is calculated to be 3. The grating corresponds to the blue curve in Fig. 5 and it shows the sharpest peaks around the corresponding reflectivity peak around 630 nm.
By applying a 0 to 9 V potential difference across the MEMS filter, we measured a 13 nm shift of the transmitted peak, centered at 630 nm, as shown in Fig. 9(b) . With the voltage turned OFF, the spectral peaks return to their original wavelengths, as expected. This deflection compares favorably with related work, where e.g., 4 nm shift was observed for 7 V applied voltage [7] .
VI. CONCLUSION
We have demonstrated that a SiN membrane of refractive index n = 2.0 is suitable for realizing high reflectivity mirrors using HCG principles. In contrast to HCGs realized in semiconductors (n ∼ 3.5), we note that it is more difficult to achieve reflectivity near unity, especially over a large bandwidth. Nevertheless, we were able to demonstrate high-reflectivity operation and the use of such an HCG mirror in a tunable Fabry-Pérot cavity. Because the HCG membrane mirror is very thin and therefore easily deformed, it is essential to study planarity under stress. We examined three membrane suspension designs and noted the superiority of a spiral-shaped arm geometry. A relatively large wavelength shift of 13 nm was demonstrated with an applied voltage of only 9 V.
The low mass of the HCG filter leads to a low inertia, which allows easy displacement by electrostatic forces and potentially ultra-fast tuning. Compared to semiconductor HCGs, the wavelength flexibility of the SiN platform is also very promising for applications in imaging, displays, optical communications, and various sensing applications, especially in the visible wavelength regime. What is even more fascinating is the ability to fully control the phase of these gratings at any point, which opens up the possibility of beam shaping and steering and which is essential for realizing fully integrated planar biosensing platforms.
